A human brain cDNA clone encoding glutathione synthetase (EC 6.3.2.3) has been sequenced and expressed in Escherichia coli. The protein is 474 amino acids in length with a subunit molecular mass of 52352 Da. The recombinant protein exhibits glutathione synthetase activity and occurs as a homodimer. The recombinant glutathione synthetase was purified to homogeneity and had a specific activity of 1.73 ,umol/min per mg of protein, an isoelectric point of 5.35 and a pH optimum between 7.0 and 7.5. Southern blots of human genomic DNA hybridized with the glutathione synthetase cDNA revealed a relatively simple pattern of strongly hybridizing fragments, indicating the absence of a large gene family and suggesting that there may be only one glutathione synthetase gene in the human genome.
INTRODUCTION
Glutathione, a ubiquitous low-molecular-mass thiol, is important for a variety of biological functions. Considerable interest has been focused on its proposed roles in redox reactions, the protection of cells against reactive electrophiles and membrane transport [1] . It is synthesized by the consecutive actions of yglutamylcysteine synthetase and glutathione synthetase. In the second step Pvull 2872 0;y synthesis of glutathione from y-glutamylcysteine and glycine in the presence of ATP [2] . p 51   5  101  22  151  38  201  55  251  72  301  88  351  105  401  122  451  138  501  155  551  172  601  188  651  205  701  222  751  238  801  255  851  272  901  288  951  305  1001  322  1051  338  1101  355  1151  372  1201  388  12 51  405  13 01  422  13 51  438   1401  455  1451  472  1501  1551  1601  1651   1701  1751  1801   GGAGAACCGT TCGCGGAGGA AAGGCGAACT AGTGTTGGGA TGGCCACCAA  M --A--T--N-CTGGGGGAGC CTCITGCAGG ATAAACAGCA GCTAGAGGAG Figure 2 The nucleotide sequence of a glutathione synthetase cDNA and the deduced amino acid sequence depletion could have major consequences. Patients with glutathione synthetase deficiency have lowered GSH levels and this can lead to a variety of disorders including metabolic acidosis, 5-oxoprolinuria, mental retardation and haemolytic anaemia [3] [4] [5] .
Although glutathione synthetase has been purified from yeast [6] , E. coli [7] , rat kidney [8] , human erythrocytes [9] , bovine erythrocytes [10] and bovine lens [11] , the nucleotide sequence is available only from E. coli [12] , Schizosaccharomyces pombe [13] , anaplasm centrale [14] and Xenopus laevis [15] . Until now E. coli and Schizosaccharomyces pombe are the only species from which cloned glutathione synthetase has been successfully expressed and well characterized [12, [16] [17] [18] [19] . Studies of glutathione synthetase from mammalian sources have suggested that the enzyme is a dimer ranging in size from 118 to 150 kDa. However, it is not clear whether variation in the molecular mass is due to large species differences or the experimental conditions.
Since altered levels of human glutathione synthesis have implications for many diseases it was of interest to study glutathione synthetase in detail. In this study we have sequenced a cDNA encoding human glutathione synthetase and expressed the recombinant enzyme in E. coli. The human enzyme shows substantial similarity with the sequence reported for the large subunit of X. laevis glutathione synthetase [15] . The identification and expression of this clone clarifies the subunit structure of mammalian glutathione synthetases and will help define the role of glutathione synthetase in the regulation of intracellular glutathione concentrations. In addition, it will now be possible to study the mutations causing glutathione synthetase deficiency and 5-oxoprolinuria.
EXPERIMENTAL Materials
The 
Sequencing and expression
A cDNA clone with sequence similarity to the first 300 bp of a putative glutathione synthetase cDNA from X. laevis was identified during random sequencing of cDNA clones from a human brain cDNA library [20] . This clone, which we have termed pGSH-S, was digested with EcoRl and the resulting 1.8 kb cDNA fragment was inserted into the cloning site of Ml 3 phage mpl9 to generate single-stranded DNA templates. The resulting recombinant phage DNA was sequentially deleted from one end of the insert by the 3' to 5' exonuclease activity of T4 DNA polymerase [21] . Deletions of various sizes were generated and the size of each deletion was estimated by agarose gel electrophoresis of the subcloned phage DNA. Deleted clones were sequenced by the dideoxy termination method [22] .
The expression plasmid pRB269 [23] in which a yeast ubiquitin gene is inserted in front of a Tac promoter was used to co-express human glutathione synthetase as a ubiquitin fusion. To amplified fragment was digested with SaclI and ApaI and, after isolation by agarose gel electrophoresis, the 111 bp fragment was ligated with Sacll-and HindlIl-digested pRB269 and a 1689 bp Apal-HindIlI-cleaved fragment containing the remainder of the glutathione synthetase coding region. This three-way ligation generated the expression plasmid pRGI (Figure 1 ). The cDNA that was amplified by the PCR reaction was subsequently resequenced to confirm that no errors had been introduced.
The plasmid pRGI was transfected into TG1 cells containing the plasmid pRB 173 that expresses the ubiquitin-specific protease Ubp2. This protease efficiently cleaves the ubiquitin fusion proteins expressed by pRB269 to yield the recombinant protein free of ubiquitin at the N-terminus [23] . Cultures of E. coli containing pRGl and pRB173 were grown under the conditions previously described [24] except for the addition of glucose (6.3 g/l) to the medium. The addition of glucose was made to suppress the expression of E. coli tryptophanase which has a similar isoelectric point and subunit molecular mass to that of human glutathione synthetase and interfered with the purification.
Enzyme purffication E. coli expressing recombinant glutathione synthetase from pRGI were collected by centrifugation from a 51 culture and after resuspension in 50 mM imidazole/HCl, 10 mM MgCl2, pH 7.4 (buffer A), were lysed by passage through a Sorvall Ribi cell disrupter. The cell lysate was centrifuged for 60 min at 20000 g and all purification procedures were carried out at 0-4 OC.
The supernatant was applied to a 2.6 cm x 27 cm DEAE cellulose column which was previously equilibrated with buffer A. After washing with several column volumes of the same buffer, the column was eluted with a linear gradient of buffer A and buffer A containing 0.5 M NaCl. The active fractions were concentrated on an Amicon concentrator using PM10 DIAFLO ultrafiltration membranes and applied to a 2.6 cm x 60 cm Sephacryl 200 (Pharmacia) column equilibrated with buffer A. The enzyme was eluted with a buffer flow rate of 0.5 ml/min. The active fractions were pooled and subjected to chromatography on a 2 cm x 6 cm column of AffiGel Blue (Bio-Rad). The column was washed with buffer A and the protein was eluted with a gradient from 0 to 0.5 M NaCl in buffer A. The active fractions were again pooled and after dilution in 1.5 vol. of buffer A were subjected to chromatofocusing on a Mono P column (Pharmacia) over the pH range 6.7 to 5. The peak of activity emerged at pH 5.35 and was essentially pure. Some fractions on the shoulders of the peak contained trace contamination that could be detected on Coomassie Blue-stained SDS/PAGE gels. Enzyme assays Glutathione synthetase activity was measured at 37°C by a previously described method [26] except that y-glutamylcysteine was used as a substrate. Di-y-glutamylcysteine was prepared from oxidized glutathione by the action of carboxypeptidase B [27] and was reduced with an excess of 2-mercaptoethanol. [30] at 65 'C for 18 h. 
Southern blot analysis
To gain an estimate of the number of glutathione synthetase sequences in the human genome, Southern blots of human leucocyte DNA digested with PstI, HindlIl, BamHl or EcoRl were probed with 32P-labelled 1.8 kb cDNA insert from pGSH-S. As shown in Figure 4, of a ubiquitin fusion expression system [23] with the co-translational removal of the N-terminal ubiquitin moiety generated active enzyme in E. coli lysates.
The recombinant enzyme was purified to apparent homogeneity by ion-exchange chromatography, gel filtration, dye ligand affinity chromatography and chromatofocusing (Table 1) .
In these experiments, the AffiGel Blue dye ligand chromatography step gave a substantial increase in purity during the purification process. SDS/PAGE of the enzyme from the Mono P chromatofocusing step showed the enzyme was essentially purified to homogeneity ( Figure 5 ). The size of the recombinant peptide evident from SDS/PAGE compares well with the 52 352 Da deduced from the cDNA sequence. The specific activity of the purified recombinant human enzyme was 1.73 ,umol/min per mg which is over twice the value reported for the human enzyme purified from erythrocytes [9] . In contrast a considerably pH Figure 6 Effect of pH on activity of recombinant glutathione synthetase All assays were carried out in duplicate at 37 OC using the butfer system of Beutler et al. [31] .
higher specific activity of 13.8 ,umol/min per mg has been reported for rat kidney glutathione synthetase [26] . The N-terminal amino acid sequence of the purified recombinant enzyme started with alanine and was found to be identical with the sequence deduced from the cDNA over 15 residues. Although the initiating methionine residue was encoded in the construct, it appears to have been removed after cleavage of the ubiquitin fusion protein. Gel filtration experiments on an FPLC Superose 12 column gave an estimated molecular mass of 100 kDa (results not shown) which, when compared with the size of the encoded peptide, suggests that human glutathione synthetase is composed of two identical subunits. The pH optimum of glutathione synthetase was determined using the buffer system of Beutler et al. [31] . Maximum activity was obtained in the range pH 7 to pH 7.5 ( Figure 6 ). The isoelectric point of human glutathione synthetase was found to be 5.35 by chromatofocusing (results not shown) and by gel isoelectric focusing on a PHAST apparatus (Pharmacia) (Figure 7 ). 
DISCUSSION
The human glutathione synthetase cDNA clone sequenced here was identified by its homology to a putative X. laevis glutathione synthetase cDNA clone that had originally been identified as a glutathione synthetase cDNA by cross-hybridization with an oligonucleotide derived from the gene encoding the large subunit of glutathione synthetase from Schizosaccharomyces pombe. The X. laevis amino acid sequence has only 39 % identity with the yeast sequence [15] . Thus it was not absolutely certain that the X. laevis cDNA and pGSH-S encoded authentic glutathione synthetase enzymes. The expression of recombinant protein with glutathione synthetase activity has now confirmed the identity of pGSH-S and the X. laevis cDNA as glutathione synthetase clones.
Although E. coli glutathione synthetase is thought to be a tetramer and Schizosaccharomyces pombe glutathione synthetase is reported to be a heterodimer [13] , the available evidence suggests that the equivalent mammalian enzymes are homodimers with subunits ranging in size from 50 to 65 kDa [10, 11, 26] . Although glutathione synthetase was previously purified from human erythrocytes [9] the subunit composition was not studied. The subunit size of human glutathione synthetase deduced from the nucleotide sequence in the present study falls clearly within the lower end of the range reported for other mammalian glutathione synthetases. The data obtained for the recombinant enzyme confirm the suggested homodimeric structure of the mammalian glutathione synthetases and clearly demonstrate that only one subunit type is essential for activity. Since the human and frog enzymes appear to be of identical length, it is highly likely that other mammalian glutathione synthetases will also be of the same size. Thus the range in molecular size reported for the rat, bovine and human enzymes may represent experimental variation.
While the specific activity of the purified recombinant human glutathione synthetase was slightly higher than the specific activity of the enzyme purified from human erythrocytes [9] , it was markedly less than the level reported for the rat kidney enzyme [26] . It is not clear at this stage if this discrepancy represents a large degree of inter-species variation, or if the recombinant enzyme was partially degraded during purification.
Although the structure of the E. coli glutathione synthetase has been determined, the differences in sequence and subunit composition suggest that it is unlikely that the active site and residues required for substrate binding will be well conserved [26] it is possible that a cysteine residue may play a significant functional role. There are three cysteine residues in the human sequence and they are all conserved in the frog sequence. Only Cys-294 is conserved in the human, frog and yeast sequences, suggesting that this may be the most functionally significant cysteine. Many ATP-and GTP-binding proteins contain a phosphate-binding loop structure that is characterized by a glycine-rich sequence followed by a conserved lysine, and a serine or threonine residue (GXXXGKS/T) [32] . This motif does not occur in the human glutathione synthetase sequence, suggesting that the ATP-binding function of glutathione synthetase has evolved along a separate lineage.
The positive identification of a human glutathione synthetase cDNA has now opened the way for studies of the role of glutathione synthetase in regulating intracellular GSH concentrations. In addition a knowledge of the cDNA sequence will allow the identification of mutations causing glutathione synthetase deficiency and 5-oxoprolinuria. Such knowledge may be of use in prenatal diagnosis and genetic counselling.
Following the submission of this manuscript, the sequence of rat kidney glutathione synthetase was published [33] . The deduced amino acid sequence of the rat enzyme is identical in length and has 88 % identity with the human sequence.
